Abstract In faba bean, field based winter-hardiness is a complex trait that is significantly correlated to frost tolerance. Frost tolerance could be used to indirectly select for faba bean winter-hardiness. The aim of this study was to identify putative QTL associated with frost tolerance and auxiliary traits and to quantify the efficiency of marker assisted selection. Thus, 101 recombinant inbred lines derived from the cross between two frost tolerant lines were tested for their hardened and unhardened frost tolerance and for their leaf fatty acid content in both treatments. Significant differences among the RIL were observed for all studied traits. For frost tolerance, five putative QTL were detected; three for unhardened frost tolerance that explained 40.7% (8.6% after crossvalidation, CV) of its genotypic variance and two for hardened frost tolerance that explained 21.8% (1.0% after CV). For fatty acid content, three QTL were detected for oleic acid content in unhardened leaves that explained 62.9% (40.6% after CV) of its genotypic variance. This fatty acid was significantly correlated with unhardened frost tolerance. The unbiased genotypic variance explained enabled to draw realistic prospects of MAS for frost tolerance. In this study, combined MAS was more efficient than classical phenotypic selection and was expected to be higher on larger populations at early generations. Moreover, favourable alleles inherited from the exotic line BPL 4628 could be introgressed to European winter-hardy beans for further improvement.
Introduction
In most North and Central European countries, freezing temperatures below -6°C (Herzog 1987) during winter are one of the major limitations for growing autumn-sown faba bean (Vicia faba L.). The superiority of winter types over spring types for protein and grain yield, and the crucial impact of complete overwintering on grain yield emphasise the importance of improving faba bean winter-hardiness.
Field-based winter-hardiness is a complex trait resulting from the combined expression of several auxiliary traits such as frost tolerance and resistance to biotic winter stress. The irregular occurrence of appropriate natural freezing temperatures that allow differentiation among genotypes is also a major limitation. Unless results from many environments are available, heritability and gain from selection for winter-hardiness is expected to be low. In order to reach a high reproducibility, experiments under controlled conditions were developed to analyse frost tolerance. In several crop species, frost tolerance was found to be a main component of winter-hardiness (Rizza et al. 1994; Petcu and Terbea 1995; Arbaoui et al. 2008) . The frost tolerance of a plant was defined as (1) its unhardened frost tolerance and (2) its hardening response. In potato, both traits were found to be inherited independently (Stone et al. 1993) . Hardening, also known as cold acclimation is the result of an exposure to low non-freezing temperatures (Levitt 1980 ) which increases significantly plant frost tolerance (Herzog 1987; Rizza et al. 1994; Petcu and Terbea 1995; Badaruddin and Meyer 2001; Arbaoui and Link 2007) .
Responses of plants to hardening were observed on oligogenic traits such as (1) accumulation of sucrose and other simple sugars (Pollock 1986; Santoiani et al. 1993) , (2) increase of total protein concentration (Davis and Gilbert 1970; McKenzie et al. 1988) , (3) accumulation of free proline (Petcu and Terbea 1995; Dörffling et al. 1997; Thomashow 1999) , (4) increase of the cell membranes stability (Chandrasekar et al. 2000) , (5) increase of total lipids and their polyunsaturated fatty acid content (linoleic and linolenic acids), and (6) increase of desaturase enzyme activity (Cyril et al. 2002; Wei et al. 2005) . Recent studies in faba bean showed that polyunsaturated fatty acid accumulation were adaptation mechanisms to low non-freezing temperatures, but also significant correlated traits to frost tolerance (Arbaoui et al. 2008) .
During the past 15 years, many genetic linkage maps were developed to locate DNA markers linked to quantitative trait loci (QTL) involved in the inheritance of important agronomic traits. These putative QTL usually explain a significant proportion of the phenotypic variance of a trait. Under the assumption of equal heritability for all detected QTL, their explained proportion of the genotypic variance was also assessed. Based on this proportion and on the heritability of the trait, the efficiency of marker assisted selection (MAS) compared with classical phenotypic selection (CPS) was determined. Whereas MAS was successfully applied in some breeding programs (Fridman et al. 2000; Yousef and Juvik 2001) , it failed in other programs (Openshaw and Frascarolli 1997; Bouchez et al. 2002) , mainly because of an overestimation of the genotypic variance explained (Utz and Melchinger 1994; Beavis 1998 ). This overestimation is partly due to a restricted population size, a limited genome coverage, and a non congruency of the QTL over generations and populations.
In faba bean breeding, genetic linkage maps were recently developed to identify QTL for seed quality and resistance to biotic stress (Román et al. 2002 (Román et al. , 2003 , but none for tolerance to abiotic stress.
The objective of this study was (1) to develop a genetic linkage map on a faba bean RIL population, (2) to identify, map, and assess the genetic effect of QTL associated with frost tolerance and related trait, (3) to reassess the proportion of the genotypic variance explained by all putative QTL via resampling, and (4) to determine the relative efficiency of MAS vs. CPS for frost tolerance.
Materials and methods

Plant material
Two frost tolerant inbred lines were used as parents: Côte d'Or 1 (inbred line derived from the winterhardy French landrace Côte d'Or; yellow (buff) seed coat), and BeanPureLine 4628 (BPL, Chinese inbred line from the ICARDA germplasm collection; green seed coat). The findings of Duc and PetitJean (1995) and the provenience of both lines from distant geographical areas was taken as promise of a large segregation for frost tolerance in the progeny of this cross. Randomly chosen F2 plants were advanced by single seed descent to produce N = 101 F6 derived recombinant inbred lines (RIL). Frost tolerance in artificial frost tests and fatty acid composition in leaves were measured on these lines and on their parental lines with and without hardening.
During germination and emergence the temperature was kept at 8°C days/0°C nights for 3 weeks to produce hardened seedlings, and at 18°C days/15°C nights to produce unhardened seedlings. For every genotype, four seedlings were grown in a pot (17 9 17 9 17 cm) filled with 5 kg of soil (1:1 mixture of sand and compost). The soil was kept between 70% and 80% of its water capacity.
Phenotypic data
Artificial frost tests
Unhardened and hardened frost tolerance of RIL were assessed in a frost chamber (2 9 2 9 2 m). At the two expanded leaves stage, the plants were tested for their frost tolerance in both treatments (cf. Arbaoui and Link 2007) . The ''Area Under Symptom Progress Curve'' was calculated and considered as the trait expression of frost tolerance.
Fatty acid analyses
First leaves of hardened and unhardened seedlings were analyzed for fatty acid composition of their total lipid content. The experimental protocol used to extract and analyze fatty acids was according to Arbaoui et al. (2008) .
Marker data
Leaf tissue from the 101 F6 RIL and the two parental lines was collected and freeze dried. Genomic DNA was extracted as described by the Nucleon and PhytoPure extraction kit (Amersham Biosciences Corp., 2003) . To construct the genetic linkage map, RAPD primers were used. The RAPD analyses were performed following the experimental protocol of Williams et al. (1990) , with slight modifications (Torres et al. 1993) . The two parental lines were screened for polymorphism with a total of 144 RAPD primers. Forty-four primers revealing intense and clearly scorable polymorphic bands were selected to further analyse the present F6 population.
Additionally to the molecular markers, the monogenic trait yellow seed coat (Yg) was used as morphological marker.
Statistics
Phenotypic data
For artificial frost tests, the 101 F6 RIL and the two parental lines were analyzed in three experiments in both treatments (hardened and unhardened). Two experiments were laid out as lattice with three replicates and one with two; one replicate corresponding to one load of the plant growth chamber. In both treatments, the lattice adjusted AUSPC mean across all experiments of each inbred line was considered as the phenotypic expression of frost tolerance.
For fatty acid analyses, in both treatments the 101 F6 RIL and the two parental lines were randomized in three experiments. Each experiment was laid out as randomized complete blocks with two replicates; one replicate of a genotype comprising a mixture of first leaves from two plants. In both treatments, the mean across the replicates and the experiments was calculated for each identified fatty acid. From these means and in each fatty acid the difference between hardened and unhardened content was also calculated and considered as the hardening response.
In order to determine significant sources of variation and to assess heritability (
), an analysis of variance was performed using Plabstat (Utz 1991) . For fatty acids, to test the hardening response for significance and to quantify its heritability, the genotype 9 treatment interactions was taken as source of variation.
In order to test for a useful relationship between (1) content and changes in fatty acid composition and (2) frost tolerance, correlation analyses were performed between these traits.
Linkage analysis
For each segregating marker, a v 2 analysis was used to test for deviations from the expected 1:1 segregation ratio in the RIL population. The markers not showing normal diploid segregation (P [ 0.01) were excluded from further analysis. The linkage map was constructed by MAPMAKER V 2.0 (Lander et al. 1987 ) using the LOD value of 3 and recombination fraction of r \ 0.30 as thresholds. Recombination fractions were converted to centiMorgans (cM) using the mapping function of Haldane (1919) .
QTL analyses
The QTL mapping and estimation of their effects were performed using PLABQTL (Utz and Melchinger 1996) . Analyses were performed with means of the 101 F6 RIL for all measured traits. The method of composite interval mapping (CIM) with cofactors (Jansen and Stam 1994) was used for detecting, mapping, and characterising QTL. To declare a putative QTL, the minimum LOD score was fixed according to the Bonferroni correction. Thus, in this study, with 111 marker intervals tested and two degrees of freedom, the LOD threshold was fixed to 3.34 to ensure the experiment-wise significance level of 95%. Two putative QTL if inherited from the same parent and if mapped within a distance of 20 cM were declared congruent (Melchinger et al. 1998) .
The proportion of the phenotypic variance explained by a putative QTL was determined by its partial coefficient of determination R 2 . The phenotypic proportion explained by all detected QTL was taken as the adjusted coefficient of determination (R 2 adj ; Hospital et al. 1997 ) of the full model in the final simultaneous fit as described by Utz et al. (2000) . Assuming that the heritability of the studied trait was the same for all detected QTL, the corresponding genotypic proportion explained from the whole data set (p DS; Schön et al. 2004 ) was determined from the ratio:
In order to avoid an overestimation of p DS due to the restricted population size (N = 101) used in this study, a re-sampling method, the fivefold crossvalidation (CV; Utz et al. 2000) , was performed as implemented in PLABQTL. A total of 1,000 replicated CV runs with 200 randomizations for assigning genotypes to the respective sub-samples was performed to obtain asymptotically unbiased estimates of the phenotypic (R 2 adjÀCV ) and genotypic variance (p TS ) explained by all detected QTL (Utz et al. 2000; Schön et al. 2004) .
These estimates were used to assess the prospects of pure MAS (based on marker data) and of combined MAS (cMAS; based on phenotypic and marker data) for frost tolerance as relative efficiency (RE) of these two approaches compared to classicial phentopyic selection. Two pertinent formulae of Lande and Thompson (1990) were applied for this purpose:
Pure MAS,
Results
Phenotypic data
Artificial frost tests
Exposure to hardening had a significant effect on frost tolerance across lines and replicates. Although the two parental lines had similar AUSPC in both treatments (details not shown), the significant differences among the 101 F6 RIL proved that Côte d'Or 1 and BPL 4628 were genetically different for frost tolerance (Table 1) . Moreover, the identification of 27 RIL (including F6-33, F6-95, and F6-69) significantly better performing than both parental lines corroborated the complementarities of Côte d'Or/1 and BPL 4628 for alleles coding for frost tolerance. The heritability of genotypes for mean frost tolerance was high (h 2 = 0.778), and intermediate for hardened (h 2 = 0.656) and unhardened (h 2 = 0.669; details not shown) frost tolerance. The significant genotype 9 treatment interactions showed that genotypes were different for their hardening response (Fig. 1) .
Fatty acid analyses
Among the 10 fatty acids identified, six were further analyzed because they represented more than 95% of the total composition: palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2), linolenic acid (18:3), and stearidonic acid (18:4). The main fatty acid in leaves was 18:3 (Table 2 ).
Hardening had a significant effect on 18:1 and 18:2 content. Although a marked increase was observed for 18:3 content due to hardening, it was not significant. Across treatments and replicates, the lines were significantly different for their fatty acid composition. The heritability of the genotypes and their hardening response were very different among the fatty acids (Table 3 ). The ANOVA for fatty acid composition in each treatment revealed significant differences among the RIL. The heritability estimates were 0.297 \ h 2 \ 0.884; the highest being observed in unhardened 18:1 content.
Oleic acid content in unhardened leaves was significantly correlated with polyunsaturated fatty acid content in unhardened leaves (r = -0.841**) and to the increase of polyunsaturated fatty acid content due to hardening (r = 0.545**), corroborating findings of Arbaoui and Link (2007) . Thus, high initial amount of 18:1 led to higher increase of 18:2 + 18:3, likely from its de-saturation due to hardening.
Correlation analyses
Significant correlations were found between 18:1 (r = 0.318**; Fig. 2 ) and 18:2 + 18:3 (r = -0.231*) content in unhardened leaves with unhardened AUSPC. Significant correlations were also found between unhardened 18:0 content and hardened AUSPC (r = 0.299**). Although significant, the low correlation values prevented the use of fatty acid composition as a tool to directly select for frost tolerance.
Linkage map
The 44 RAPD primers used in the analysis resolved 216 scorable polymorphic markers. Out of 195 RAPD markers showing normal diploid segregation (P [ 0.01) in the RIL population, 131 could be mapped into 21 linkage groups. One additional morphological marker (Seed Coat Colour) has also been mapped. Linkage groups consisted of 2-18 marker loci covering 1635.39 cM of the faba bean genome with the mean inter-marker distance of 14.73 cM (Fig. 3) .
QTL analyses
Frost tolerance
Frost tolerance of a plant was considered as the combination of its unhardened and hardened frost Table 4 ). The proportion of the genotypic variance explained was dramatically reduced by CV to p TS = 1.0%. The QTL U_AUSPC-2 associated to unhardened frost tolerance and the QTL H_AUSPC-2 associated to hardened frost tolerance were located on the same linkage group (LG10).
Fatty acid composition
In order to avoid overestimation of the genotypic variance explained, it was decided to discard the following fatty acid traits due to their low heritability (h 2 \ 0.50): hardened and unhardened 18:4 content, along with changes in 16:0 and in 18:4 content due to hardening.
Without hardening, a range of one to three putative QTL was detected for each fatty acid. Across fatty acids, all detected QTL explained 2.4-51.4% of the phenotypic variance and 3.7-58.2% of the genotypic variance. However, only the QTL for stearic (U_C18:0) and oleic (U_C18:1) acid content in unhardened leaves explained substantial proportion of phenotypic and genotypic variation after crossvalidation procedure. The highest p DS was observed for unhardened 18:1 content. In this case, CV showed that 40.6% could be accounted to the unbiased explained proportion of the genotypic variance.
With hardening, QTL for 16:1, 18:0, 18:1 and 18:3 have been detected but the cross-validation revealed that the proportion explained by these QTL was extremely overestimated and were disregarded in the analysis.
For the hardening response, one putative QTL was associated with changes in 18:1 content that explained 42.8% (20.3% after CV) of the genotypic variance. Two putative QTL were detected for hardening response of 18:2 content explaining 33.6% (and 7.78% after CV) of the genotypic variance. On LG18, 3 QTL associated with unhardened 18:1 content, with changes due to hardening in 18:1 and in 18:2 content were mapped within the same marker interval.
Discussion
In faba bean, frost tolerance was found to be highly heritable due to large additive effects (Duc and PetitJean 1995) . In a large population of recombinant inbred lines segregating for frost tolerance, the power of detection is therefore expected to be high. In this study, based on 101 F6 RIL, a total of five putative QTL was detected for frost tolerance. For unhardened frost tolerance, favourable alleles were inherited from both parents, as expected from their similar phenotypic frost tolerance. This finding proposed complementarities of the parents for other nondetected QTL linked to frost tolerance genes.
Despite significant phenotypic differences among RIL, only a limited proportion of the frost tolerance (hardened and unhardened) was explained, presumably (1) since not all possible allele recombinations for frost tolerance were covered, likely from the small population size and (2) since with many more linkage groups than chromosomes (21 [ 6) we have to suspect gaps in the linkage map, possibly containing further relevant loci. Since the unbiased proportion of the genotypic variance explained was low, it may be proposed that the frost tolerance is a polygenic trait which might not be controlled by few major QTL. Simulations (Beavis 1998 ) and experimental studies LG18 E20_790
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LG21 Fig showed that for polygenic traits, the proportion of the unbiased genotypic variance explained by individual detected QTL was indeed low. Thus, with a larger population and similar framework map, an increase of p TS for frost tolerance would result from the increase of the power of detection rather than from the increase of partial R 2 of individual QTL. Thus, in back cross breeding programs assisted by markers, since the necessary initial population size increases according to the number of markers (QTL) implemented (Hospital and Charcosset 1997) , an increased power of detection might not be very useful for practical limitations unless QTL with higher R 2 are detected. In comparison to previous QTL studies based on small population for polygenic traits, the low reported proportion of the genotypic variance explained of frost tolerance was due (1) to the rather strict LOD Knapp (1998) , and especially due (2) to the crossvalidation (Utz et al. 2000; Melchinger et al. 2005) .
Putative QTL were detected to be associated with fatty acid content in unhardened leaves and with their hardening response. On LG18, the three putative QTL mapped within the same marker interval can be considered as congruent. Thus, this single region showed to be associated with the synthesis of unhardened 18:1 content and the hardening response of 18:1 and 18:2. Taking into account the pathway of polyunsaturated fatty acid synthesis (Wei et al. 2005) , it is plausible to detect a single QTL, representing a locus coding for an oleoyl desaturase enzyme with a significant simultaneous effect on 18:1 decrease and 18:2 increase due to hardening. The opposite signs of the QTL effects on both traits support this conclusion. The genotypic variance of unhardened 18:1 content was to a large extent explained by three putative QTL (p DS = 62.9% and p TS = 40.6%). In comparison to the unbiased genotypic variance of frost tolerance explained, the large p TS of 18:1 content suggested that this trait is oligogenic. From simulation studies, Beavis (1998) showed for a trait controlled by 10 QTL with additive effects of equal size and a heritability of 63%, it should be possible with 100 F2 progenies to detect 35% of all QTL that would consequently explain 35% of the genotypic variance. In this study, at equal population sample size, higher genotypic variance explained was observed apparently because (1) there are no evidences from literature that 18:1 content is controlled by as many loci, (2) the heritability of the trait was higher (0.884), and (3) the population type was different (F6 RIL vs. F2 progenies) . From this result, the content of the other fatty acids could be as well considered as oligogenic and high power of detection would be hence expected. However, for each further fatty acid, the power of detection and the unbiased genotypic variance explained were rather low (Table 4) . One reason could be the limited genome size covered by the marker loci. Indeed, 64 polymorphic markers were not mapped into LG and not used in the QTL analyses.
In the correlation analyses among the phenotypic traits, significant correlations were found between fatty acid composition, their changes due to hardening and hardened as well as unhardened frost tolerance. Because of the significant relationships among fatty acids, in each treatment, only the highest correlation between frost tolerance and fatty acid was further analyzed to avoid redundant information. For the unhardened AUSPC, the highest correlation was observed with unhardened 18:1 content (r = 0.318**). The coefficient of regression of unhardened AUSPC on unhardened 18:1 content was significant and 10.09% of the adjusted phenotypic variance of unhardened frost tolerance was explained by this fatty acid. Using the heritability of both traits, the genotypic variance explained by unhardened 18:1 content was assessed to 17.06%. One of the putative QTL detected for these two traits was mapped on LG10 within an interval distance of 24 cM. Both QTL increased respectively unhardened 18:1 content (+0.4%) and unhardened frost tolerance (-28.4 scoreunit°C h); thus corroborating the phenotypic correlation between these two traits. Although located at more than 20 cM from each other, it is likely that these two QTL are congruent. Thus, this ''one'' QTL explained 9.7% of the adjusted phenotypic variance of unhardened frost tolerance; corresponding to 14.49% of the adjusted genotypic variance explained. The maximum of the unhardened frost tolerance genotypic variance explainable by unhardened 18:1 content being 17.06%, this QTL seemed to explain main part of it. For hardened frost tolerance, although significant correlations were found between hardened AUSPC and unhardened 18:0 content (r = 0.299**), hardened 18:3 content (r = -0.221*), QTL analysis did not reveal putative fatty acid QTL involved in the inheritance of hardened frost tolerance.
Under the assumption of equal heritability of all detected QTL for one trait and equal selection intensity, the formulae of Lande and Thompson (1990) were applied to determine the relative efficiency (RE) of pure and combined MAS for unhardened and hardened frost tolerance (cMAS; Table 5 ). The relative efficiency of the pure MAS was lower than 1 irrespective of the proportion of the genotypic variance explained. On the other hand, the RE of the combined MAS was slightly higher than 1.
For a higher pure MAS efficiency than classical phenotypic selection on the studied population, the power of detection should dramatically increase in order that p DS or p TS exceed the heritability. However, simulation and experimental studies showed that for polygenic trait although large population size are used, the genotypic proportion explained does not exceed the heritability (Beavis 1998; Micic et al. 2004; Schön et al. 2004; Vales et al. 2005) . Thus, in such case, the classical phenotypic selection could be expected to be more efficient than pure MAS. On the other hand, in case of (1) congruent QTL over generations and populations, (2) low heritability, and (3) lower costs to develop marker data than phenotypic data, the efficiency of pure MAS on other material than the studied one is expected higher than the classical phenotypic selection (CPS; Moreau et al. 1998; Lange and Whittaker 2001) . Indeed, the costs due to the high number of experiments required to reach a heritability of 0.663 for frost tolerance were high. If the present marker data were available and only one experiment with three replicates was performed, pure MAS, using p DS , would have been more efficient than CPS for unhardened frost tolerance (RE = 1.21; further details not shown).
Combined MAS was, based on p DS and p TS , at least as efficient as CPS, even on the studied population. Similarly to pure MAS, this efficiency increased if with the same marker data, the selection was applied on data from one experiment with three replicates (RE = 1.37 and 1.12 with p DS and 1.08 and 1.01 with p TS for unhardened and hardened frost tolerance, respectively). Several studies indeed proposed to use combined MAS in breeding programs (Romagosa et al. 1999) , especially on large populations at the first generations (Hospital et al. 1997) .
The putative QTL detected for fatty acids in leaves and for the potential oleoyl desaturase enzyme opened good perspectives in the understanding of physiological traits involved in the mechanisms of adaptation to hardening. The QTL analysis for frost tolerance proposed that the trait is controlled by several QTL with small effects. Based on the five putative QTL detected for unhardened and hardened frost tolerance, the RE of combined MAS suggested good prospects, and particularly for mass selection on large population sets and at early generations. However, further studies should be undertaken with larger populations to validate these five QTL, to increase the power of detection, and to consequently increase the proportion of the genotypic variance explained. In a larger scale, this QTL map mainly constructed for frost tolerance could as well be used to study faba bean drought tolerance, since these two traits share several basic physiological features. 
